Headwater streams are closely linked to the areas they drain (Hynes 1975 , Vannote et al. 1980 ), thus watershed disturbance can cause severe disruption within streams. Logging has been a common disturbance to eastern deciduous forests and has resulted in a variety of long-term effects on streams. Removal of vegetation decreases transpiration and increases streamflow (Hewlett and Hibbert 1961, Kovner 1956 ). Streamflow may remain elevated for 30-40 years following logging, returning to predisturbance levels at a rate proportional to forest revegetation (Swift and Swank 1981). Logging may also increase stream nutrient concentrations for 10-20 years (Likens et al. 1970 , Martin et al. 1984 , Swank and Douglass 1975 , Vitousek and Melillo 1979 . Soil disturbance associated with road building and timber harvest can increase erosion and result in high sediment loading to streams (Lieberman and Hoover 1948 , Paustian and Beschta 1979 , Tebo 1955 . Sediment yields decrease to predisturbance levels as vegetation regrows; however, instream redistribution and transport of sediment may continue for many years (Brown and Krygier 1971) .
Logging also alters the energy base of stream ecosystems. When forests are cut, allochthonous leaf inputs to streams are greatly reduced (Webster and Waide 1982); however, autochthonous production may increase due to the absence of shading and increased nutrient concentrations (Hains 1981) . The pulse of autochthonous production is generally short-lived and rapid regrowth of riparian vegetation returns the stream to a detritus base within a few years (Swanson et al. 1982 ). However, the composition of detrital inputs may change considerably from mostly late successional, decay-resistant, litter to rapidly decaying early successional litter (Webster et al. 1987 ). Logs and other organic debris play an important stabilizing role in stream ecosystems. Leaves and twigs accumulate behind logs that are large enough to span stream channels without being displaced by streamflow. These aggregations, called dams, cause a stepped pattern of streambed morphology, which reduces stream power and sediment export (Heede 1972 Bilby and Likens (1980) reported that debris dam removal on a 175-m reach of an otherwise undisturbed stream increased the transport of dissolved, fine, and coarse particulate organic matter; greatest increases were observed at high discharges and were attributed to increased stream power and decreased retentiveness.
The major long-term effects of forest disturbance on streams appear to be alteration of the energy base available to stream consumers and a gradual decline in the ability of streams to retain biologically important materials. Low retention efficiency may cause catastrophic loss of organic matter and nutrients during periods of high discharge. The objective of this study was to examine the long-term effects of forest disturbance on streams. This objective was accomplished by characterizing organic matter export during baseflows and stormflows and by examining stream channel morphology in streams draining logged and reference watersheds. (Chow 1959) . During March 1986 the main channel of each stream was surveyed for channel features that represented potential obstructions to downstream transport of seston. These features were divided into three categories: 1) organic matter accumulations-accumulations of leaves and sticks supported by rocks or boulders, with no wood >5 cm diameter; 2) logs-wood alone, with an average diameter >5 cm; 3) debris dams-sticks and leaves aggregated with supporting logs >5 cm diameter. Only features that clearly affected stream morphology, i.e., created pools or stair-step patterns of flow, were included in the survey.
From June 1984 to June 1985, seston was sampled during eight storms at a single site on each stream just upstream of the weir ponding basin. Stream samples (ca. 500 ml) were collected by ISCO Model 2100 automated water samplers. Intake hoses were positioned above the streambed in well-mixed riffles. Samplers were manually turned on when rain appeared possible. Excess samples collected prior to the onset of precipitation were discarded, the sample bottles were rinsed thoroughly with water collected from below the weir (many of the particulates settle in the weir ponding basin), and bottles were returned to the sampler. All samplers were placed near the stream gaging stations, and during storms we sampled at a frequency that varied depending on how fast streamflow was changing. Sampling frequency was greatest during rising flows and continued following storms until streamflow returned to within 5-10% of original baseflow. Sampling frequency varied from 5 min during intense thunderstorms to several hours during less intense steady rains. Fifteen to 25 samples were collected from each stream during each storm. Following storms, sample bottles were returned to the lab, washed thoroughly, and rinsed with deionized water. Additional grab samples were taken between storms to measure baseflow seston concentrations in each stream.
Water samples were returned to the laboratory and filtered (ashed and tared Gelman type A/E glass fiber filters) within 48 hr of collection. ly following storms, throughfall volumes were recorded and subsamples (ca. 250 ml) were returned to the laboratory for processing as described above. Stream area, throughfall particulate organic matter concentrations, and throughfall volumes were used to estimate total organic particle inputs due to channel interception during each storm.
Results and Discussion

Effect of watershed disturbance on stream morphology and hydraulics
Organic matter accumulations and logs are common morphological features in undisturbed Coweeta streams (Table 1) . Debris dams are not common owing to the rarity of streamflows of sufficient magnitude to move and consolidate large woody debris; therefore logs generally remain where they fall in the stream. A comparison of BHB and HWC revealed significantly fewer organic matter accumulations in the disturbed stream (BHB) (t-test, p = 0.0001), however there was no significant difference in the number of logs (t-test, p > 0.50). CB (disturbed) had significantly fewer organic matter accumulations (t-test, p = 0.0003) and logs (t-test, p = 0.001) than GB (reference). In Coweeta streams following logging, there appears to be a twofold disturbance to stream morphological (Table 1) . The average velocity of BHB (disturbed) was significantly higher than HWC (reference) (t-test, p = 0.011), and the average velocity of CB (disturbed) was significantly higher than GB (reference) (t-test, p = 0.014). The roughness coefficient (Manning's n) was significantly greater for CB than for GB (t-test, p = 0.014), but differences in roughness were not significant between BHB and HWC (t-test, p = 0.25).
Pattern of seston concentration during baseflows and stormflows
Baseflow seston concentrations in the four streams varied seasonally, ranging from 0.1 to 1.0 mg/L in winter and from 3.0 to 7.0 mg/L in summer (Fig. 1) . Comparison of disturbed versus reference streams of similar size revealed no significant differences in baseflow seston concentration (paired t-test, p > 0.05).
Rainfall during the eight storms we sampled ranged from 0.5 to 7.0 cm and average rainfall intensities ranged from 0.05 to 1.05 cm/hr (Table 2). Winter and spring storms were of long duration (up to 40 hr) and moderate in intensity. Summer and autumn storms were gener- ally shorter (1-6 hr) and were characterized by periods of relatively intense rainfall. Rainfall amounts and intensities were similar among sites. A typical pattern of seston concentration during stormflows is illustrated by a storm that occurred on 11 February 1985 (Fig. 2) . Rainfall began at 0900 hr and intensified through the afternoon; rainfall ceased at 1700 hr but began again at 1830 hr. Rainfall was heavy through 2400 hr then stopped. Total precipitation was 6.5 cm with an average intensity of approximately 0.5 cm/hr. Seston concentration increased rapidly with increasing discharge in all streams and was highest at or slightly before peak discharge. Once streamflow stabilized, seston concentration declined and continued to decrease as discharge returned to baseflow. During this storm, two distinct peaks in seston concentration corresponded to periods of heaviest rainfall. This pattern of seston concen- (1979) . In all but one case, stormflows had higher average seston concentrations in disturbed streams than in reference streams of similar size (Table 3) 
N.S. using a natural log transformation). In a similar comparison of BHB (disturbed) and HWC (reference)
, there was no significant difference in seston export during storms (paired t-test, p = 0.20, data log transformed). The absence of a significant difference was due to the effect of an unusual storm (10 November 1984) where export from the reference stream (HWC) was substantially higher than from the disturbed stream (BHB) (Fig. 3) . If the 10 November 1984 storm was excluded from the analysis, seston export from the disturbed stream (BHB) was significantly higher than from the reference stream (HWC) (paired t-test, p = 0.03, data log transformed).
To clarify differences between the streams, seston export during storms was divided by the bankfull stream area to correct for differences in stream size and to permit statistical comparison of treatments (Fig. 4) . In paired comparisons of all storms, storm export (g AFDW/m2 stream/storm) was significantly higher in CB (disturbed) compared with GB (reference) (paired t-test, p = 0.01, data log transformed), and significantly higher in BHB (disturbed) compared with HWC (reference) (paired t-test, p = 0.0001, data log transformed). When combined by treatment, storm export from disturbed streams was significantly higher than from reference streams (ANOVA-followed by Duncan's Multiple Range test, a = 0.05). This analysis indicates that disturbance (i.e., logging) has resulted in increased export of seston in BHB and CB.
An exception to the general pattern of seston export occurred during a relatively intense, short-duration storm on 10 November 1984 (Table 2). This was the first large storm following leaffall and 6-8 weeks of relatively dry weather. Seston export was higher in reference streams than in disturbed streams. Although maximum seston concentrations were highest in BHB and CB, the disturbed streams, average seston concentrations were highest in HWC and GB, the reference streams. Similar large increases in seston transport during the first large storms following leaffall were observed by Wallace et al. (1982) . Fisher and Likens (1973) observed debris dam shifting, depending on storm intensity, which resulted in increased transport of organic matter. Heede (1972) also noted that submergence or movement of debris dams during storms greatly reduced their efficiency. At Coweeta, accumulations of organic debris are more abundant in reference streams than in disturbed sites (Table 1) ; therefore a storm powerful enough to shift organic debris could cause release of more material in reference streams. (Table 6 ). Contributions of throughfall tended to be inversely related to storm intensity. During long or intense storms the potential throughfall contribution to total export was generally less than 20%. However, during low intensity storms, particularly in spring, the potential contribution was as high as 83% of total export. Contributions of throughfall were generally a higher proportion of total export in reference streams. This pattern may result from greater scavenging of material in the well developed canopy of reference sites or may be partially an artifact of the generally lower seston export in reference streams, particularly during low intensity storms. In general, most of the material transported during storms originates within streams; however, during low intensity storms substantial amounts of fine particulate organic material may be transferred from forest canopies to streams.
Conclusions
Seston concentration should be strongly correlated with stream power, i.e., the ability of a Disturbance of forests by logging should greatly affect instream factors (particle availability, channel retentiveness) that influence seston transport during storms. Because allochthonous inputs decline following logging, and shift from slowly decaying leaf-species to rapidly decaying ones (Webster et al. 1987) , one would expect a decline in rates of particle generation immediately following logging followed by a gradual decline in particle availability. However, our own preliminary observations indicate that fine benthic organic matter levels are similar in the four streams, though slightly lower in BHB and higher in CB compared with reference sites. Therefore, differences in transport that we observed during storms cannot be readily attributed to differences in particle availability alone. Channel retentiveness is greatly influenced by the presence of debris dams and organic matter accumulations in stream channels and a decline in the efficiency, number, and size of debris dams following logging has been well documented (Fisher and Likens 1973, Gurtz et al. 1980 , Likens and Bilby 1982). At our study sites, disturbed streams have fewer organic matter accumulations and debris dams and higher average velocities than reference streams (Table 1) . Observed increases in seston export probably resulted from reduced efficiency and number of retention structures in disturbed streams following logging.
Buffer strips, i.e., zones of undisturbed riparian vegetation, have been advocated as a means of maintaining stream water quality in logged areas. As a management tool they have been used primarily to reduce sediment movement from logging roads and disturbed soils to streams, and to maintain normal stream temperatures (e.g., Haupt and Kidd 1965, Trimble and Sartz 1957). More recent studies have demonstrated the effectiveness of buffer strips in maintaining salmonid fisheries (Burns 1972 ) and normal insect community structure in streams draining logged areas (Newbold et al. 1980). Streamside logging also causes long-term changes in the quality and quantity of allochthonous inputs to streams, which alter the energy base and also reduce the ability of streams to retain biologically important materials. Buffer strips, in addition to maintaining water quality, should reduce the long-term effects of logging by maintaining the predisturbance numbers of debris dams and organic matter accumulations in streams.
